Introduction
Strained Si has been used in state-of-the-art metal-oxidesemiconductor field-effect transistors (MOSFETs) to improve device performance. The strain fields in transistors are considered to be complicated and inhomogeneous. Thus, the nanoscale evaluation of strain and its distribution is necessary to appropriately apply strained Si. Various methods of nanoscale strain (stress) evaluation have been demonstrated including convergent beam electron diffraction (CBED), micro-Raman spectroscopy, and micro-X-ray diffraction (XRD). [1] [2] [3] [4] [5] However, there are both advantages and disadvantages of these techniques. CBED has extremely high spatial resolution but it causes the relaxation of stress during the transmission electron microscopy (TEM) sample fabrication. Micro-Raman spectroscopy allows us to nondestructively and precisely measure stress in Si with relatively high spatial resolution, but the assumption of a simple stress state is needed (e.g., uniaxial or isotropic biaxial). Micro-XRD has also been performed to nondestructively measure strain with high sensitivity but its spatial resolution is unsatisfactory.
In this paper, we demonstrate results obtained by electron backscattering pattern (EBSP) measurement for samples of a strained Si-on-insulator (SSOI) and a Si substrate with a patterned SiN film. SSOI is a promising substrate for nextgeneration high-electron-mobility transistors, and SiN films are used in order to enhance the electrical characteristics. EBSP measurement allows us to nondestructively obtain complicated strain (stress) tensors with high spatial resolution in state-of-the-art transistors. Furthermore, the results obtained by EBSP measurement were compared with those of UV-Raman spectroscopy and edge force model calculation. [6] [7] [8] [9] 2. Experimental Procedure
Samples
The SSOI used as a sample had a 70-nm-thick strained Si layer and a 145-nm-thick buried oxide layer on a Si substrate. An isotropic biaxial tensile stress state is expected to be induced in the strained Si layer. The depth profile of strain in SSOI is homogeneous, confirmed by in-plane XRD using synchrotron radiation at BL46XU of SPring-8. 10, 11) Furthermore, a Si substrate with a patterned SiN film was also prepared. Figure 1 shows the structures of the samples. The SiN film was deposited by low-pressure chemical vapor deposition. The thickness and inner stress of the SiN film were 80 nm and À2:0 GPa, respectively. The inner stress of the SiN film was obtained by wafer curvature measurements. A line/ space (L&S) pattern and rectangular pattern were formed by electron beam lithography and reactive ion etching. The space widths in the L&S pattern sample were 5, 3, 1, 0.5, 0.3, and 0.15 m, as shown in Fig. 1 . The line length and interval between lines were 150 and 20 m, respectively. On the other hand, the area of the space in the rectangular pattern sample was 10 Â 5 m 2 . The coordinate system is also shown in Fig. 1 
Methods of stress/strain evaluation
The strain (stress) tensors were evaluated by EBSP measurement. Figure 2 shows the geometry of EBSP measurement. The sample was tilted by 70 . An EBSP detector with a 40-mm-diameter phosphor screen and a charge-coupled device (CCD) camera were set up at a distance of $35 mm from a sample. A high spatial resolution of approximately 20 nm was expected because the EBSP detector was installed in a Hitachi SU-70 field-emission scanning electron microscope (FE-SEM). The acceleration voltage was 20 kV, therefore the diffraction pattern was considered to be detected from a depth of 30-50 nm. The stress used in EBSP measurements to verify repeatability of measurement was 100-200 MPa. The obtained diffraction patterns were analyzed using a commercially available software package (CROSSCOURT). The stress tensors were determined by the cross-correlation method. 7, 9) In this method, the regions of interest (ROIs) in each pattern were compared with those in a reference pattern obtained from an unstrained sample. Strain tensors were then determined, and also stress tensors were calculated from the strain tensors using the elastic coefficients. Additionally, a correction for sample drift was performed in the EBSP measurements.
UV-Raman spectroscopy was also performed for comparison. An Ar ion laser ( ¼ 364 nm) was used as an excitation source, the penetration depth of which into Si was approximately 5 nm. The laser beam diameter was approximately 650 nm. The stress used in measurements to verify repeatability was 10 MPa. A detailed explanation of measurement by UV-Raman spectroscopy is given in ref. 12 .
Two-dimensional stress profiles in the Si substrate with the L&S pattern were estimated by edge force model calculation: [13] [14] [15] [16] [17] 
where S xx and S zz indicate the stresses in the x and z positions, respectively, and S xz indicates the shear stress, which are induced by a stress film. S Film and h Film indicate the SiN film stress and thickness, respectively. x and z indicate the positions on x-and z-axes shown in Fig. 1 . Stress in the y direction is considered to be zero because of the plane strain assumption. 13) Actually, in this study, the dimension of the sample with the L&S pattern in the y direction was sufficiently large for the plane stress assumption relative to the dimension in the x direction. Figure 3 shows the stress distributions of S xx , S zz , and S xz calculated by the edge force model when S Film and h Film are À2:0 GPa and 80 nm, respectively. As is seen here, each stress profile drastically changes at the film edge. Moreover, we considered corrections for the detection depth and beam spot size in the EBSP measurements. For the correction of the detection depth, we used,
where S 00 ðx; zÞ indicates the stress calculated by eqs. (1)- (3) and S 0 ðxÞ indicates each stress value at position x after the correction of the detection depth. In this study, z is set at 50 nm. On the other hand, for the correction of the beam spot size, we assumed the Gaussian distribution given by
where SðxÞ indicates the stress at position x after the correction of the beam spot size. a and b indicate the measured position and beam spot size, respectively. In this study, b is set at 100 nm. We used the deconvolution method in order to improve the spatial resolution in the Raman measurements (we call this super-resolution Raman spectroscopy). This method of digital processing allows us to surpass the optical resolution. Generally, in optical measurements, the observed data become diffuse owing to variations in the probe diameter and other uncertain conditions. However, if a diffusion filter is obtained, it is possible to recover the original data from the observed data. In a previous study, it was reported that there was a good correlation between the Raman measurements and the edge force model calculation after the correction of beam spot size (in this case, the beam spot profile corresponded to the diffusion filter). 15) On the other hand, in this study, we attempted to recover the data of the Raman measurements using the predictable diffusion filter. Figure 4 (a) shows a flow chart of deconvolution by the iterative back-projection method, [18] [19] [20] [21] [22] and Fig. 4 (b) shows the stress distributions at each step, which were obtained by the edge force model. In step (i) shown in Fig. 4(a) , the predicting data X was defined as the observed data Y [this step corresponds to profile (1) in Fig. 4(b) ]. In step (ii), HX is compared with Y, where H indicates the Gaussian filter [this step corresponds to profile (2)], which is expressed by
In step (iii), X is corrected by considering the difference between HX and Y [this step corresponds to profile (3)].
Steps (ii) and (iii) are repeated until the difference between HX and Y becomes minimum. This operation is defined aŝ X, where 
Furthermore, we also applied the improved bilateral total variation method defined bŷ
where J 1 , J 2 , J 3 , and indicate a bilateral filter (a smoothing filter that preserving edges and keeps data when there is large difference), a median filter (a noise reduction filter that exchanges the median values of neighboring points), a Laplacian filter (an edge-enhancing filter that differentiates neighboring points), and the weighting factor of each filter, respectively. J 1 -J 3 are expressed by eqs. (9)- (11),
In eq. (10), we defined ''median'' as the function that selects the median value. Noise reduction can be achieved using the method expressed by eq. (8). Figure 5 shows the one-dimensional Raman shift distributions before and after deconvolution. The profiles calculated by the edge force model are also shown in 
Results and Discussion

SSOI
The results obtained from EBSP measurement (130 points in 5 Â 5 m 2 square area) and UV-Raman spectroscopy (five points) are summarized in Table I . From the EBSP measurement, biaxial tensile stresses of 0.9 (S xx ) and 1.1 (S yy ) GPa were obtained (S zz was zero). Furthermore, the biaxial tensile strains (E xx and E yy ) and the compressive strain perpendicular to the surface (E zz ) were also obtained. These results are similar to those expected; the stress (strain) state is almost in-plane isotropic biaxial stress (strain). In the UV-Raman measurements, a stress value of 1.3 GPa was obtained assuming isotropic biaxial stress. Thus, the biaxial stresses obtained from EBSP measurement were close to the stress measured by UV-Raman spectroscopy, although a small difference was observed. One possible explanation for the difference is that the assumption of isotropic biaxial stress was invalid for in the Raman measurements. Actually, in EBSP measurement, the anisotropic biaxial state was measured. Therefore, we consider that it is necessary to measure the anisotropic biaxial stress state in Raman spectroscopy. Clear cross-hatch patterns were observed in the results of Raman spectroscopy and EBSP measurement (S xy ), while no particular patterns were found in the S xx and S yy distributions obtained by EBSP measurement. It is considered that the cross-hatch patterns were due to misfit dislocations induced at the Si/SiGe interface (the strained Si layer on the SiGe layer was transferred onto the buried oxide layer in this SSOI sample). 10, 11) The dislocations give rise to a stress state with shear stress. Therefore, we consider that the S xy distribution obtained from EBSP measurement was more sensitive to the cross-hatch contrast than the S xx and S yy distributions. Some of the fluctuation of the EBSP data is considered to be caused by the intrinsic stress distribution in the strained Si layer of the SSOI.
Si substrate with patterned SiN film
In the EBSP measurements, there is a so-called shadowing effect, as explained by Fig. 8(a) . On the other hand, negative and positive values were observed at the left edge and right edge, respectively, in the distribution of the shear stress S xy , as shown in Fig. 8(b) . We also confirmed the one-dimensional distribution of the shear stress S xz , as shown in Fig. 8(c) . The result of EBSP measurement was highly consistent with the analytical calculation by the edge force model. Therefore, it is possible to measure the shear stress by EBSP measurements.
We compared the one-dimensional distributions of the stress S xx obtained by EBSP measurement and superresolution UV-Raman spectroscopy in Fig. 9 . The space widths of the patterned SiN film were 5, 3, and 1 m. As can be seen here, the space size dependence of the stress S xx were clearly observed; the narrower the space width, the larger the stress in Si induced by the SiN film. This behavior indicates the superposition of the stress field at the SiN film edges. However, a difference between super-resolution UVRaman spectroscopy and EBSP measurement in the stress value was observed, especially at a space width of 1 m. This can be explained by the fact that the spatial resolution in super-resolution UV-Raman spectroscopy is still lower than that in EBSP measurement. As described above, the estimated spatial resolutions in super-resolution UV-Raman spectroscopy and EBSP measurement were approximately 200 and 100 nm, respectively. Figure 10 shows the one-dimensional stress distributions in the Si substrate with the patterned SiN (5 m space width) obtained by EBSP measurement, super-resolution Raman spectroscopy, and theoretical calculation. In Fig. 10(a) , the normal stress S xx distributions were consistent between the results of EBSP measurement and calculation. Figures 10(b) and 10(c) also show the distributions of stresses S yy and S xy , respectively. It can be seen that S yy and S xy as well as S xx showed stress enhancement at the SiN film edges. It follows that a complicated anisotropic biaxial stress state is induced in Si by the SiN film. Here, S yy and S xy cannot be compared with the results of the theoretical calculation, because they are ignored in the edge force model. We can conclude that EBSP measurement is a powerful and useful method because it can be used for the nondestructive measurements of complicated stress states including shear stress. Figures 11(a)-11(c) show the normal stress S xx distributions in the Si substrate with the SiN pattern (with space widths of 0.5, 0.3, and 0.15 m, respectively). It is clearly seen that S xx increases with decreasing space width from 
Conclusions
In this paper, we demonstrated stress measurements for samples of an SSOI and a Si substrate with a patterned SiN film by EBSP measurement. The results obtained by EBSP measurement clarified that the stress state was complicated in the SSOI and the Si substrate with the SiN film; the stress was in the anisotropic biaxial state and included shear stress. Furthermore, in the SSOI, it was confirmed that the crosshatch contrast originating from misfit dislocations was sensitive to the shear stress S xy . On the other hand, in the Si substrate with the patterned SiN film, the size dependence of normal stress S xx was observed for the sample with a space width of up to 150 nm. We also compared the result of EBSP measurement with the results of super-resolution Raman spectroscopy and edge force model calculation, which provided useful information in the stress measurements. As a result, we believe that stress measurements using EBSP measurement are useful for nondestructively measuring the stress state in state-of-the-art scaled-down transistors with high-spatial resolution. 
